Recent studies indicate that oxygen radicals such as superoxide or singlet oxygen may be important in the functional activity of human granulocytes. We have examined the possible importance of these radicals in the functional capacity of human blood monocytes. Monocytes, like granulocytes, generate chemiluminescence during phagocytosis. Chemiluminescence is impaired 50-90% by superoxide dismutase, an enzyme which enhances the dismutation of superoxide to hydrogen peroxide. These results indicate that superoxide is related to the chemiluminescence generated by monocytes. Superoxide dismutase in a concentration which impaired chemiluminescence also impaired the staphylococcal killing by monocytes. Hexose monophosphate shunt activity and hydrogen peroxide production by granulocytes and monocytes were also evaluated. The oxidation of [1-14C]glucose was used as a measure of hexose monophosphate shunt activity and the oxidation of [14C]formate as an estimation of hydrogen peroxide production. The oxidation of both substrates by monocytes was increased during phagocytosis but, in contrast to results in granulocytes, was not further increased by the addition of superoxide dismutase. These data indicate that superoxide may be important in bactericidal activity of human monocytes. Our results also suggest that the metabolism of oxygen radicals in monocytes and granulocytes may be different.
INTRODUCTION
The importance of the hexose monophosphate shunt and hydrogen peroxide (H202) production in the functional capacity of granulocytes is well established (1, 2) . Recent studies suggest that oxygen radicals other than This work has been published in abstract form, 1975. Clin. Res. 23: 281A. Dr. Sagone is a scholar of the Leukemia Society of America.
Received for publication 18 August 1975 and in revised form 22 January 1976. H20a, including superoxide (0n)' and singlet oxygen, may also be important in the functional capacity of this cell (3) (4) (5) (6) (7) (8) . The similarity in the metabolic responses of monocytes and granulocytes during phagocytosis (9) (10) (11) raised the possibility that oxygen radicals other than HaO2 may also be generated in monocytes and contribute to the functional capacity of this cell.
In this study we have investigated the production of oxygen radicals in monocytes during phagocytosis. We have also studied the effect of superoxide dismutase on staphylococcal killing and the hexose monophosphate shunt activity of these cells. Similar studies were done in granulocytes and served as a background for the comparison of the metabolism of these two phagocytic cells. These studies employed the ionization chamber electrometer technique for the continuous measurement of 14CO2 so that the time relationships of hexose monophosphate shunt activity, peroxide generation, and O0 production during phagocytosis could be studied.
METHODS
Cell preparation. Venous blood was collected in EDTA from normal healthy volunteers. Mononuclear cells were isolated by the Ficoll-Hypaque technique (12) . Platelets were removed by sucrose gradient centrifugation (12) . These preparations contained 20-30% monocytes by morphological criteria and less than 1% granulocytes. We have previously shown that these morphological evaluations correlate with the functional and membrane characteristics of human blood monocytes (13) . This mononuclear cell suspension was used in studies of chemiluminescence, in the bactericidal assay, and in some cases, in the study of glucose metabolism. In addition, monocyte monolayers of 95%o purity were formed in glass metabolic flasks as previously described (13) . In some experiments, pure lymphocyte suspensions were obtained as previously described by preincubation of the blood with iron particles before the Ficoll-Hypaque separation (14) . This results in a mononuclear suspension which is greater than 99%o lymphocytes as determined by 1Abbresiations used in this paper: CL, chemiluminescence; HMPS, hexose monophosphate shunt; O, superoxide; SOD, superoxide dismutase.
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Glucose metabolism. The production of "CO2 by granulocyte suspensions, monocyte suspensions, and monocyte monolayers was measured continuously using the ionization chamber-electrometer method as previously described (16) (17) (18) (19) (20) . Monocyte monolayers prepared from 1-2 X 107 mononuclear cells in 25-ml triple-headed distilling flasks were incubated in 4 ml of Earle's balanced salt solution with 50 mg/100 ml of glucose supplemented with amino acid and vitamins (MEM vitamins and amino acid, Gibco Diagnostics, The Mogul Corp., Chagrin Falls, Ohio), 1%o antibiotic solution (200,000 U penicillin G, 100 mg streptomycin), and 5 AiCi of ["C]glucose or ["C]formate. In some cases, 2 X 10' mononuclear cells were studied in suspension.
In granulocyte experiments 1-2 X 10' cells were studied in suspension. The inlet of the metabolic flask was connected to a gas cylinder containing compressed air with 5%o CO2. The outlet arm of the flask was connected to a 275-ml Cary-Tolbert ionization chamber and a Cary model 401 vibrating reed electrometer (Cary Instruments, Fairfield, N. J.). The third arm of the flask was covered with a rubber stopper through which reagents could be added or samples withdrawn through a spinal needle. A duplicate system was used so that "CO2 derived from [1-"C] glucose substrate could be measured simultaneously from both control and experimental flasks. The incubation flasks were stirred continuously. After base line C02 production was established, opsonized zymosan particles were added in 0.4 ml of normal saline (4 X 108 particles/ml). In studies in which the effects of enzymes were determined, the enzymes were added in 0.1 ml of buffer or sterile water before the addition of the zymosan particles. An equal volume of buffer, bovine serum albumin, or heat denatured superoxide dismutase was added to the controls. The superoxide dismutase was denatured by boiling for 30 min. C02 production was calculated from the millivolt reading and expressed as nanomoles of C02 produced per hour per 10' cells.
Cells were counted electronically using a model FN Coulter Counter (Coulter Electronics Inc., Hialeah, Fla.). The number of monocytes in the monolayer was determined from the DNA content of the monolayers (21) .
Chemiluminescence assay. Chemiluminescence was studied using a Packard model 3225 liquid scintillation counter (Packard Instrument Co., Inc., Downers Grove, Ill.) in a darkroom as described by Webb et al. (5) . Approximately 1 X 10' mononuclear cells or granulocytes were suspended in 6.6 ml of Earle's balanced salt solution containing vitamins and amino acids in siliconized liquid scintillation counting vials. The vials were wrapped in aluminum foil and stored in the dark for at least 12 h before use. Zymosan was added in 0.4 ml of saline, as in the experiments involving glucose metabolism. Enzyme was added in 0.1 ml of buffer before the addition of the phagocytic particles. A similar volume of buffer or buffer with bovine serum albumin was added to the control vials. In some experiments, heat denatured superoxide dismutase was employed as a control in order to exclude a nonspecific protein effect of the enzyme.
Bactericidal activity. Bactericidal activity was determined by a method reported previously (22) . Briefly, mononuclear preparations containing 2.5 X 106 monocytes were mixed by rotation at 37°C with 12.5 X 10' Staphylococcus aureus in 1 ml of Hank's balanced salt solution containing 10%o AB serum. The number of viable staphylococci was determined at zero time, 30 min, and 1 h by triplicate colony counts.
The results were expressed as number of organisms killed in 30 min or 1 h. As we have previously reported, lymphocytes do not exhibit bactericidal activity (22) .
Materials. Superoxide dismutase (3,000 U/mg) was purchased from Truett Labs, Dallas, Tex. Its activity was checked with xanthine and xanthine oxidase according to the method of McCord and Fridovich using horse-heart ferricytochrome c (type IV-Sigma Chemical Co., St. Louis, Mo.) (23) . ["C] Glucose substrates were purchased from Amersham/Searle Corp., Arlington Heights, Ill. ["C] Formate (50 pCi/jm) was purchased from New England Nuclear, Boston, Mass. In some cases, small quantities of volatile radioactive materials were found in the radioactive materials and were removed by gassing before the addition of other reagents. Twice recrystallized beef catalase (30,000-40,000 U/mg) and zymosan were purchased from Sigma Chemical Co. Zymosan particles were opsonized in freshfiltered AB sera as described by Webb et al. (5) .
Statistical analysis. Data were analyzed according to the t test for independent samples (24) . RESULTS Granulocyte metabolism. The curve indicating the generation of chemiluminescence (CL) during the phagocytosis of zymosan particles is illustrated in Fig. 2 . It is of interest that this curve has a pattern similar to that found for both [1-"C]glucose oxidation and ["C]formate oxidation. Superoxide dismutase in a concentration of 10 j~g/ml inhibited the CL of granulocytes during phagocytosis (Fig. 2 ). This concentration of superoxide dismutase resulted in enhanced oxidation of [1-`C]glucose. A typical experiment is illustrated in Fig. 3 . In four paired experiments, the mean maximum rate of [1-"C]glucose oxidation of suspensions incubated with superoxide dismutase (SOD) was 709±60 nmol/107 cells per h (SD) compared with 535±95 nmol/10' cells per h (SD) in controls (P < 0.05). An increased oxidation of ["C]formate and [2-"C]glucose also occurred in suspensions incubated with SOD compared to controls without the enzyme. In contrast, no significant increase in the oxidation of [6-"C]glucose occurred indicating that the increased [1 -"C]glucose oxidation was due to increased hexose monophosphate shunt (HMPS) activity and not the result of increased Krebs cycle activity.2 'Enhanced production of "CO2 from [2-."C]glucose indicates that the stimulation of the HMPS by SOD results also in an increased feedback of pentose through the HMPS via the transketolase and transaldolase reactions. This control is necessary to rule out the possibility that SOD might inhibit feedback of pentose through the HMPS, thus increasing the oxidation of [1-"C] glucose without a net increase in HMPS activity (16) .
Monocyte metabolism. The pattern of oxidation of [1-"C]glucose by monocyte monolayers during phagocytosis was similar to that of granulocytes ( Fig. 4) . In contrast to experiments with granulocytes, the oxidation of ["C]formate was more difficult to demonstrate in that the monocytes of some normal persons produced only a small increase in ["C]formate oxidation. Further, detection of the oxidation of formate after the addition of the zymosan was often somewhat delayed compared to the oxidation of [1-"C]glucose (Fig. 4) . Since catalase is required for the oxidation of formate in the presence of H2O2, catalase was added to the incubation to determine if this would enhance ["C]formate oxidation. The pattern of ["C]formate oxidation in the presence of catalase was similar to that of [1-"C]glucose ( Fig. 4 ). Studies were also done with mononuclear suspensions containing both monocytes and lymphocytes with similar results.
The generation of CL during phagocytosis by monocyte suspensions is illustrated in Fig. 5 . These experiments used 1 X 107 mononuclear cells with 20-30% monocytes. In seven paired experiments the addition of SOD resulted in 50-90% reduction in CL similar to the results with granulocytes. The addition of boiled dismutase in three paired experiments reduced CL only 2-9% (mean 6%) compared to the controls. This latter observation indicates a requirement for active enzyme. In contrast to results with granulocytes, incubation of (Table I) Fig. 4 . P value is not significant.
formate plus SOD were similar with and without supplemental catalase. Bactericidal activity. Incubation of mononuclear suspensions with SOD resulted in a significant impairment of staphylococcal killing at both 30 and 60 min compared to controls (Fig. 6 ). We did not find it necessary to coat latex particles with SOD in order to demonstrate a significant impairment in bactericidal activity by SOD as was found by others in a study of granulocytes (8) .
Comparison of the CL of granulocytes and monocytes. In order to determine if there were quantitative Superoxide Production by Human Phagocytes differences in CL produced by granulocytes and monocytes, the CL of these two cell types from a single donor was studied simultaneously. Isolated cells were resuspended in 6.6 ml of Hank's balanced salt solution as described above with the exception that granulocyte suspensions were diluted so that the final concentration was equal to that of the monocytes. The CL generated by each suspension after the addition of 0.4 ml of opsonized particles was then measured every 5 min. The maximum CL for each curve was determined and this value used to compare the CL generated by each suspension. The mean+SD for paired experiments using cells from four different donors is given in Fig. 7 . The amount of CL generated by granulocytes was fivefold higher than the CL generated by monocytes when given an equivalent load of zymosan particles.
Since the monocyte CL studies were done with lymphocytes in the incubation, further control experiments were performed to exclude the possibility that lymphocytes might interfere with the CL generated by the monocytes. This could be a result of a nonspecific protein effect or a result of enzyme activity in these cells. To test this possibility, the effect of lymphocyte contamination on granulocyte CL was examined. Granulocytes and lymphocytes were isolated from the same donor and the CL of granulocyte suspensions to which lymphocytes were added was compared to that of pure granulocyte suspensions. Pure lymphocyte preparations 
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Monocyte FIGURE 7 Comparison of the CL of monocyte and granulocytes. The results represent the means-+SD of four paired experiments in which the maximum CL generated by granulocytes and monocytes during the phagocytosis of zymosan particles were compared. The maximum CL generated was determined by maximum value on the rate curves illustrated in Figs. 2 and 5 . The bar at the left indicates the mean values for granulocytes and is fivefold higher than the value for monocytes indicated by the bar at the right of the figure (P < 0.01). The particle to cell ratio was approximately 30 to 1. * Values are given in cpm X 103 per 106 granulocytes and represent the maximum CL generated after the addition of zymosan. The curves showing the rate of generation of CL are illustrated in Fig. 2 . P value is not significant.
were prepared using iron particles as described under Methods. Lymphocytes were added to granulocytes so that the final ratio of lymphocytes to granulocytes was similar to the lymphocyte to monocyte ratio in our mononuclear suspensions. The absolute number of granulocytes used was also equivalent to the number of monocytes studied. In four paired experiments using cells from four different donors, the generation of CL by granulocyte suspensions supplemented with lymphocytes was similar to that of the granulocytes alone (Table  II ). This observation indicates that lymphocytes in our mononuclear preparations did not interefere with the CL measurement. We also confirmed the observation of Allen et al. (6) that lymphocytes do not generate CL when incubated with zymosan.
DISCUSSION
Our results confirm the observations of Webb et al., which indicate that the CL generated by granulocytes during the phagocytosis of zymosan particles is impaired by SOD (5) . These investigators have also established that this phenomenon clearly requires active enzyme and that it cannot be attributed to a nonspecific effect such as altered phagocytosis (5) .
Our experiments show that human monocytes also generate CL during phagocytosis. The fact that this phenomenon in both cells is markedly inhibited by SOD, a specific scavenger of O- (25) , indicates that O-is related to this reaction. It is possible that other radicals are, in turn, generated from OT (5, 6) and the direct effect of singlet oxygen and hydroxyl radicals on CL remains to be determined. The same concentration of SOD which impaired CL also significantly altered the bactericidal activity of monocytes at both 30 and 60 min. Thus, it is clear that O is important in the functional activity of human monocytes as it is in granulocytes. Recently, Drath and Karnovsky have suggested that Oa may also be important in the functional capacity of some animal macrophages (26) .
The above results might be interpreted, as suggested by other investigators, that the biochemical reactions occurring during phagocytosis are quite similar for monocytes and granulocytes (10) (11) (12) . Our studies sug-
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A. L. Sagone, Jr., G. W. King, and E. N. Metz gest, however, that there may be some important differences in these two phagocytic cells. The major differences relate to the effect of SOD on HMPS activity during phagocytosis and the unpredictability of formate oxidation in monocytes. In granulocytes, the generation of H202 and the stimulation of the HMPS appear to be closely related biochemical events which begin almost immediately after the addition of particles. As did Baehner et al., we found that all of these events are modified considerably by the addition of SOD (7) . The increase in HMPS activity and in formate oxidation in the presence of SOD indicates that the dismutase reaction has resulted in an increased rate of conversion of ON to peroxide which is then detoxified via catalase or peroxidases linked to the HMPS (7) . Likewise, the data can be interpreted as indicating that normally, i.e. in the absence of supplemental SOD, some of the OT generated during phagocytosis is not converted to intracellular peroxide and enters into other reactions. The precise nature of these reactions is uncertain, but the impairment of bactericidal capacity of granulocytes (8) in the presence of SOD must certainly be a clue to potential sites of action for this radical. In monocytes, the pattern of glucose oxidation during phagocytosis appeared similar to that in granulocytes. As in granulocytes, staphylococcal killing was also impaired by SOD. However, in monocytes the burst of formate oxidation was unpredictable and frequently required the addition of supplemental catalase for its demonstration. Furthermore, the addition of SOD to the incubation mixture did not result in augmentation of HMPS activity in response to phagocytosis. These data suggest that in monocytes there may be alternate pathways for the detoxification or utilization of oxygen radicals generated during phagocytosis.
One possible explanation for this difference in formate oxidation in monocytes would be that monocytes are relatively deficient in catalase. This enzyme is necessary for the oxidation of formate by peroxide (27) and, indeed, our experiments show that formate oxidation was somewhat increased in monocytes by the addition of supplemental catalase. On the other hand, even with supplemental catalase present, we were unable to show an additional augmentation of formate oxidation with SOD as was observed in granulocytes. A more attractive explanation for the differences in both formate oxidation and the failure of SOD to augment HMPS activity in monocytes is that ON is involved in other reactions in monocytes. In this regard, Tyler has demonstrated that 0O is utilized in the peroxidation of the lipid membrane in mitochondria (28) . Recently, Stossel et al. have shown a similar reaction in the membrane of monocytes during phagocytosis, a biochemical reaction which did not occur in granulocytes without the ad-dition of linolenate as a substrate for the peroxidative reaction (29) .
The relative amounts of oxygen radicals generated during a phagocytic load and the degree to which these radicals are detoxified within the cell may have important implications regarding the ability of these two phagocytic cell lines to kill specific organisms.
